Some specific features of the periodic structure of the velocity field of OB-associations can be explained in terms of the Roberts and Hausman model (1984), which considers the behavior of a system of dense clouds in a perturbed potential. The absence of statistically significant variations in the azimuthal velocity across the Carina arm must be due to its abrupt increase behind the shock front, which can be easily blurred out by distance errors. At the same time, the model of cloud particles with a mean free path of 0.2-2 kpc allows both a shock in the spiral arms and free motion of OB-associations along epicyclic trajectories. The velocity field of OB-associations exhibits two nonaccidental deviations from ideal spiral pattern: an 0.5-kpc shift between the Cygnus and Carina spiral-arm fragments and the weakness of the Perseus arm in the III quadrant. However, the identified fragments of the Carina, Cygnus, and Perseus arms belong to none of the known spur types.
Introduction
In this paper we analyze some of the specific features or defects of the periodic pattern in the velocity field of OB-associations . First, we found no statistically significant variations in the azimuthal component of residual velocity across the Carina arm, although its variations across the Cygnus and Perseus arms are clearly evident. Second, OBassociations exhibit the features typical of both collisional and collisionless motion. Third, one should explain (1) why some spiral-arm fragments are shifted relative to each other and fail to form a unified smooth spiral arm and (2) what causes gaps in the spiral pattern.
Some of the features mentioned above can be explained in terms of the Roberts and Hausman (1984) model, which considers the behavior of a system of dense clouds in a perturbed potential. There is extensive theoretical and observational evidence for small and unaccounted-for condensations of molecular gas, which at certain time periods build up giant molecular complexes (Solomon et al. 1985; Pringle et al. 2001) . Levinson and Roberts (1981) were the first to analyze the response of the subsystem of elementary cloud particles to a density wave propagating in the stellar disk. The above authors assumed that clouds can collide inelastically with each other and coalesce in some cases. Unlike the continuous gaseous medium, which responds to a perturbation of potential by abrupt density jump, the subsystem of dense cloud particles exhibits smoother cross-arm variation of gas-dynamical parameters (Levinson and Roberts 1981) . Roberts and Hausman (1984) analyzed the behavior of a subsystem of clouds with a velocity dispersion of ∆u = 6 km s −1 and showed that the local rate of cloud-cloud collisions increases greatly in spiral arms due to the cloud orbit crowding in arms. The inevitable result is the development of a shock even in systems with very long mean free paths of clouds (see variant G, p = 2 kpc in the paper just mentioned).
The study of molecular clouds in the Galaxy is made difficult by the fact that their distances, as a rule, are unknown and we observe the distribution of clouds in the (l, V LSR ) plane. However, the spiral structure of the Galaxy is very difficult to analyze in the (l, V LSR ) plane and such an analysis is virtually impossible in the internal regions (Kwan and Veides 1987; Adler and Roberts 1992) . Construction and analysis of the velocity field of young stars, which, on the average, move at the same velocities as their parent molecular clouds, enable us to study the velocity field of molecular clouds and the spiral structure of the Galaxy.
Analysis of the Velocity Field of OB-Associations
Periodic Pattern in the Velocity Field of OB-Associations An analysis of the velocity field of OB-associations within 3 kpc of the Sun revealed periodic variations in the radial component V R of residual velocity along the galactic radius-vector with a characteristic scale length of λ = 2 ± 0.2 kpc and amplitude of f R = 7 ± 2 km s −1 . Figure 1a shows the distribution of radial component V R of residual velocity of OB-associations along Galactocentric distance. Filled and open circles show the associations located in the domains 0 < l < 180 • and 180 < l < 360 • , respectively, in order to distinguish the initial parts of the arms in the I and II quadrants from their extensions in the III and IV quadrants. We assumed that the periodic variations of both velocity components have the form of sinusoidal functions and inferred their parameters by solving the line-of-sight velocity and proper-motion equations for OB-associations separately in two domains: 30 < l < 180 • and 180 < l < 360 • (see Mel'nik et al. 2001 for more details). The minima of radial component of residual velocity determine the kinematical locations of the arm fragments hereafter named the Carina (open circles, R = 6.5 kpc), Cygnus (filled circles, R = 6.8 kpc), and Perseus (filled circles, R = 8.2 kpc) arms.
In Fig. 1a no second minimum in the variation of the radial velocity component can be seen in the domain 180 < l < 360 • (open circles). This second minimum should correspond to the extension of the Perseus arm in the III quadrant. Velocity V R can be seen to decrease locally at a Galactocentric distance of R = 8.5 kpc, without, however, reaching negative values.
Azimuthal component V θ of residual velocity exhibits periodic variations with an amplitude of f θ = 7 ± 2 km s −1 in the 30 < l < 180 • domain, where the Cygnus and Perseus arms are located (Fig. 1b) . The positions of the minima of the variations of radial (Fig. 1a) and azimuthal (Fig. 1b) components of residual velocities, which determine the kinematical locations of the Cygnus and Perseus arms, agree to within the errors. At the same time, the azimuthal component of residual velocity shows no significant variations in the region 180 < l < 360 • , where the Carina arm lies and where the imaginary extension of the Perseus arm could be located.
The interarm distance of λ = 2 kpc yields a mean pitch angle of i = 5 • for a two-armed model of spiral pattern. Here we set the Galactocentric distance of the Sun equal to R 0 = 7.1 kpc (Rastorguev et al. 1994; Dambis et al. 1995; Glushkova et al. 1998 ).
Profiles of the Variations of Cloud Velocities in the Shock Wave
The coincidence of the locations of the minima in the variations of radial and azimuthal velocity components in the Cygnus and Perseus arms is indicative of a shock and cloud-cloud collisions. In a shock wave both velocity components should reach their extremal negative values in the same phase at the shock front (Roberts 1969; Roberts and Hausman 1984) , whereas in the case of a collisionless system there should be a π/2 phase shift between the minima of radial and azimuthal velocity components (Lin et al. 1969 ). For λ = 2 kpc a phase variation of ∆χ = π/2 corresponds to an 0.5-kpc shift across the arm and should undoubtedly be detectable.
Consider now the variations of the two components of the mean cloud velocity perpendicular (U ⊥ ) and parallel (U ) to the shock front as functions of the wave phase as obtained by Robert and Hausman (1984) for models of cloud subsystems with different mean free paths: p = 0.2 kpc and p = 1.0 kpc (Fig. 2ab ). Tightly wound arms are almost perpendicular to Galactic radius-vector and therefore the variation of the mean velocity of a particle ensemble perpendicular to the shock front (U ⊥ ), which is commonly used in hydrodynamics, coincides with that of the radial component of residual velocity, implying that V R = U ⊥ + const. A similar relation, V θ = U + const, is also true for the velocity component U parallel to the shock front: its variation corresponds to that of the azimuthal component of residual velocity. Wave phase varies in the direction perpendicular to the spiral arm, which in the case of tightly wound arms virtually coincides with that of Galactic radius-vector. A variation of the wave phase χ from 0 • to 360 • corresponds to an increase of Galactocentric distance R by an amount close to λ.
As is evident from a comparison of Figs. 2a and 2b, the profiles of the variations of cloud velocities become more symmetric and the shift between the minima of the radial and azimuthal velocity components increases with increasing mean free path (i.e., with decreasing importance of collisions). It is cloud-cloud collisions that cause the asymmetric variations of the profiles of the radial and azimuthal velocity components that produce an approach the minima of these profiles at the shock front .
Behind the shock front, where star formation is most intense, the rate of the variation of azimuthal velocity component along Galactocentric distance is approximately twice higher than that of radial velocity component (Fig. 2a) . Indeed, at the shock front (χ = 180 • ) both components reach their minima, and at the conventional outer arm boundary (χ = 270 • ) azimuthal component already reaches its maximum, whereas radial component just rises to zero level (halfway between the maximum and minimum value in Fig. 2a ). Abrupt variations of velocity with distance are easily blurred out by distance errors, implying that the variations of the azimuthal component behind the shock front are more difficult to reveal. This might explain why we found no statistically significant variations of the azimuthal component of residual velocity across the Carina arm, although the variation of radial component across the same arm is immediately apparent. The variations of the azimuthal velocity component across the Carina arm may be simply washed out by distance errors. This hypothesis resolves a serious logical conflict, because no theoretical construction can explain the lack of variation of azimuthal velocity component across the Carina arm.
The fact that we nevertheless see the variation of the azimuthal velocity component across the Cygnus and Perseus arms can be explained by their privileged positions. The Perseus arm is located in the outer region of the Galaxy where objects with erroneous distances have line-of-sight velocities that differ strongly from those with correct distances, allowing the former to be eliminated from the sample. Such elimination is, however, impossible for objects of the Carina arm (l = 280-310 • ), because line-of-sight velocity varies little with distance in this direction. The same is true of the Cygnus arm (l = 75-100 • ), but it is on the average much closer to the Sun compared to the Perseus and Carina arms and thus much easier to analyze.
Location of the Corotation Radius
The fact that radial components of the residual velocities of most (70%) of the rich OB-associations are directed toward the Galactic center definitely indicates that the region studied is located inside the corotation . We consider an association to be a rich one if it has more than 30 member stars listed in the catalog of OB-associations of Blaha and Humphreys (1989) . The model of cloud particles easily explains the logical link between the kinematics of rich OB-associations and their position with respect to the corotation radius. Let us assume that rich OB-associations owe their more intense star formation to higher rate of cloud-cloud collisions. The locations of rich OB-associations should then coincide with the shock front. And only inside the corotation radius the position of the shock front corresponds to the minimum of the radial component of cloud velocities. It thus follows that the entire region under study should be located inside the corotation radius or, in other words, the corotation radius of the Galaxy should lie beyond the region studied, i.e., beyond the Perseus arm. This means that the pattern speed Ω p should be lower than the mean angular velocity of Galactic rotation at the Perseus-arm distance. Adopting the rotation-curve parameters from Mel'nik et al. (2001), we obtain the following constraint on Ω p in absolute units: Ω p < 25 km s −1 kpc −1 .
Mean Free Path of Molecular Clouds and the Axial Ratio of the Velocity Ellipsoid of OB-Associations
An analysis of the kinematics of OB-associations showed that the radial-to-azimuthal component ratio of the velocity ellipsoid of OBassociations in the Galaxy is equal to σ u : σ v = 8.2 : 5.8 = 1.4, which is close to that of the amplitudes of the radial and azimuthal velocity components for objects moving in epicyclic trajectories, 2Ω/κ = 1.6, where κ is the epicyclic frequency. The velocity ellipsoid of young clusters was also found to be close to the Lindblad ratio 2Ω/κ (Zabolotskikh et al. 2002) . This means that clouds from which young stars are born move almost freely along epicyclic trajectories. Therefore clouds collide only at the shock front, whereas behind the front they undergo no encounters and orbit ballistically. This means that the mean free path of clouds behind the shock front should be longer than the characteristic size of the epicycle. For a subsystem with a velocity dispersion of ∆u = 6 km s −1 the radius of epicyclic trajectories in the unperturbed region of the Galactic disk is equal to X ≈ 0.2 kpc. Therefore if the mean free path p > 0.2 kpc, cloud collisions should occur mostly at the shock front. This fact is also corroborated by direct computations of cloud orbits made by Hausman and Roberts (1984) . Note that local free path depends on cloud density, and its in-arm and interarm values may differ by more than a factor of six (Levinson and Roberts 1981) . Figure 3 shows the velocity field of OB-associations projected on the Galactic plane. The circular arcs in this figure correspond to the minima of radial (dashed curve) and azimuthal (dotted curve) components of residual velocities and determine the kinematical positions of the Carina, Cygnus, and Perseus arms. Both types of deviations from ideal spiral pattern -the shift of Cygnus and Carina arm fragments relative to each other so that they do not form a single smooth spiral arm and the lack of the Perseus arm extension in the III quadrant -can be easily seen in Fig. 3 . The extension of the Perseus arm in the III quadrant shows up neither in kinematics nor in the increase of the density of young stars.
Deviations from Ideal Spiral Pattern
The kinematical position of the Carina arm (R = 6.5 ± 0.1 kpc) is shifted relative to the Cygnus arm (R = 6.8 ± 0.1 kpc) by 0.3 kpc. This shift was obtained in terms of the ring-arm model. Its statistical significance is equal to 2σ. The shift increases to 0.5 kpc for the model with trailing spiral arms even if the pitch angle is as small as i = 5 • . The statistical significance of the shift also increases in this case. However, a model with leading arms yields a smaller shift. The problem is that it is impossible to draw a trailing arm through the complexes of young objects in Carina and Cygnus, whereas these complexes fit a leading arm quite well (Fig. 3) .
Spiral Arms and Spurs
Appreciable nonaccidental deviations from ideal spiral pattern are the main puzzle posed by the spiral structure of the Galaxy in the solar neighborhood. The images of other galaxies rather often show short-or medium-scale deviations from smooth ideal spiral pattern, which are commonly referred to as spurs. The element of chaos introduced by spurs into the spiral structure of galaxies can, in principle, also explain the defects in the spiral pattern of the Milky Way. Let us, in accordance with Roberts and Hausman (1984) , define the spur as a region of intense star formation located far from the line of minimum potential, and analyze various mechanisms for the generation of these features. Roberts and Hausman (1984) showed that the possible long delay time of star formation behind the shock front results in the washout of spiral arms identified by the concentration of young stars and in the appearance of spurs. The mechanism of sequencial star formation caused by supernova explosions (Gerola and Seiden 1978) , which operates in the Galaxy, also favors the development of spurs. However, in the presence of a density wave the velocity field of clouds has a characteristic periodic structure, which is virtually insensitive to both self-propagating star formation and delay of star formation . Moreover, these effects make the periodic structure of the velocity field of clouds easier to discover by revealing the velocities of clouds and their distances at different spiral-wave phases. The Carina, Cygnus, and Perseus arm fragments that we identified here can by no means be classified with spurs of this type. A comparison of the kinematics of these arm fragments with the computed velocity field clearly indicates that they are located in the vicinity of the line of minimum potential. The complex of young objects in Sagittarius whose kinematics -namely, the radial component of the residual velocity of young stars that is directed away from the Galactic center (Fig. 3) -is indicative of its interarm location should be called a spur according to the definition of Roberts and Hausman. Roberts and Stewart (1987) found another spur generating mechanism. They showed that if the mean free path is long, individual fragments of the spiral pattern may temporarily shift in phase relative to each other, and the global spiral pattern of the subsystem of clouds may exhibit ruggedness and gaps. The shift of the maximum of the cloud density (collective "sloshing") relative to the minimum of potential is due to the tuning of epicyclic motions of individual clouds (Roberts and Stewart 1987) . For collisionless models the shift of individual arm fragments relative to each other may reach 20% of the interarm distance, whereas it does not exceed 5% for a system with a free path of p = 0.2 kpc. However, collective "sloshing" mechanism fails to explain the 0.5 − kpc shift between the positions of the Carina and Cygnus arm fragments. The system of clouds in the Galaxy is undoubdedly collisional and, consequently, the above mechanism cannot produce strong deviations from smooth spiral pattern. Weaver (1970) found another type of spurs, which appear as sprouts at outer arm edges. Elmegreen (1980) found the mean pitch angle of these spurs to be 60 • ± 10 • . Weaver (1970) and Elmegreen (1980) believe that in our Galaxy these spurs are represented, e.g., by the Orion region. The development of such spurs maybe caused by strong compression of gas in the spiral arm, which might trigger the growth of perturbations in the direction that is actually perpendicular to the arm (Balbus 1988; Kim and Ostriker 2002) . However, the Carina, Cygnus, and Perseus arm fragments that we identified also do not belong to this class of spurs. First, no other spiral arms are observed from which the fragments just mentioned could emerge as spurs. Second, the Cygnus and Perseus arm fragments are definitely elongated in the azimuthal direction (Fig. 3) .
Another type of spurs in the interarm space was found by Grosbell (1986, 1988) when studying nonlinear effects in high-order resonances between the epicyclic frequency and the relative rotation velocity of the spiral pattern. Spurs and gaps in the spiral structure near corotation are caused by nonlinear effects, which produce different shapes and orientations of periodic orbits inside and outside the 4/1 resonance (κ/(Ω − Ω p ) = 4/1). Orbits lying outside the 4/1 resonance may have orientations where the maximum of their density does not coincide with the spiral arm. However, nonlinear effects arise in the case of high amplitudes of potential perturba-tion and should be observed in galaxies with large arm pitch angles, i > 30 • (Contopoulos and Grossbell 1986) . The tightly would spiral pattern of our Galaxy (i = 5 • ) should, in principle, be free of nonlinear effects near corotation.
Thus none of the spur types mentioned above can explain the specific features of the spiral structure of our Galaxy , namely, the deviations from ideal spiral pattern. The potential perturbation itself appears not to be an ideal monochromatic wave.
Some authors (Byrd 1983; Byrd et al. 1984) consider spurs that are due to the gravitation of a massive complex rotating in the Galactic disk (gravitational spurs). However, such spurs differ from spiral-arm fragments only by their length and perturbation amplitude. Both the former and the latter are caused by perturbation of gravitational potential and are located near its minimum. Roberts and Hausman (1984) model, which considers the behavior of a system of clouds in a perturbed potential explains some of the specific features of the periodic structure of the velocity field of OB-associations . The lack of statistically significant variations of the azimuthal velocity component across the Carina arm must be due to the abrupt increase of this velocity component behind the shock front, which can be easily washed out by distance errors. The model of cloud particles with a free path of 0.2-2 kpc allows the coexistence of a shock in spiral arms with free orbiting of OB-associations along epicyclic trajectories. The velocity field of OB-associations exhibits two appreciable nonaccidental deviations from ideal spiral pattern: an 0.5-kpc shift between the Cygnus and Carina arm fragments and decay of the Perseus arm in the III quadrant. However, the Carina, Cygnus, and Perseus arm fragments identified in this paper belong to none of the spur types. The perturbation of the potential of the Galaxy does not appear to be a monochromatic spiral wave.
Conclusions
The spiral arms of the Milky Way are often compared to those of the Andromeda galaxy. Both galaxies have tightly-wound spiral patterns and similar streaming motions. The mean interarm distance of λ = 3 kpc observed in the Andromeda galaxy at galactocentric distances R = 6-16 kpc corresponds to a mean pitch angle of i = 7 • (Arp 1964; Braun 1991) . The spiral pattern of the Milky Way in the solar neighborhood has similar parameters, λ = 2 kpc and i = 5 • (Mel'nik et al. 1999 . The variation of the velocities of neutral and molecular hydrogen clouds across the spiral arms in the Andromeda galaxy are equal to 10-20 km/s (Braun 1991; Neininger et al. 2001) , which is close to the magnitude of streaming motions in the Milky Way. Moreover, the distribution of HII regions in the Andromeda galaxy also exhibits deviations of some arm fragments from ideal monochromatic spiral pattern (Considere and Athanassoula 1982; Braun 1991) . 
